Septins, a highly conserved family of GTP-binding proteins, were originally identified in a genetic screen for S. cerevisiae mutants defective in cytokinesis [1, 2] . In yeast, septins maintain the compartmentalization of the yeast plasma membrane during cell division by forming rings at the cortex of the bud neck, and these rings establish a lateral diffusion barrier. In contrast, very little is known about the functions of septins in mammalian cells [3, 4] including postmitotic neurons [5] [6] [7] . Here, we show that Septin 7 (Sept7) localizes at the bases of filopodia and at branch points in developing hippocampal neurons. Upon downregulation of Sept7, dendritic branching is impaired. In mature neurons, Sept7 is found at the bases of dendritic spines where it associates with the plasma membrane. Mature Sept7-deficient neurons display elongated spines. Furthermore, Sept5 and Sept11 colocalize with and coimmunoprecipitate with Sept7, thereby arguing for the existence of a Septin5/7/11 complex. Taken together, our findings show an important role for Sept7 in regulating dendritic branching and dendritic-spine morphology. Our observations concur with data from yeast, in which downregulation of septins yields elongated buds, suggesting a conserved function for septins from yeast to mammals.
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Results and Discussion
We initially investigated whether Sept7 expression is developmentally regulated in hippocampal neurons. Western-blot analysis of proteins extracted from neurons at different days in vitro (DIV) with a specific, immunopurified anti-Sept7 antibody [8] revealed that Sept7 is expressed at all stages of neuronal differentiation [9] ( Figure 1A ). However, expression increases significantly after 3 DIV when dendritic outgrowth begins, suggesting a role for Sept7 in dendrite morphogenesis. To investigate the subcellular localization of Sept7 in both developing and mature neurons, we performed immunostainings on cultured hippocampal neurons. In stage 2 neurons, Sept7 is detected in all neurites (data not shown). Sept7 is particularly enriched in the proximal part of growth cones where it is present within F-actin bundle-rich areas ( Figure 1B) . In developing processes, Sept7 is not homogeneously distributed but rather found in patches at the plasma membrane ( Figure 1B , arrowheads), often at the bases of filopodia and at branch points. In mature dendrites ( Figure 1C ), Sept7 preferentially forms discrete arc-shaped clusters (arrowheads) that do not enter the protrusions. In mature neurons, Sept7 is present both in the somatodendritic compartment as well as in axons ( Figure 1D ) and is enriched in presynaptic axon terminals (data not shown). To investigate whether Sept7 is found at or near synapses, we performed costaining against Sept7 and PSD95 ( Figure 1E , upper panels). Interestingly, Sept7 staining does not colocalize with that of PSD95 as previously reported [7] . When dendritic spines, visualized by phalloidin staining, are found nearby, Sept7 forms arc-shaped clusters around the base of the spine. In some cases, ring-like structures are observed ( Figure 1E , middle and lower panels, arrowheads). These structures are reminiscent of the pattern observed during cell division at the yeast's bud neck, where septins form ring-like structures [10] , suggesting that the septins might have similar functions in yeast and mammalian neurons.
Septins have been previously reported to form heterooligomeric complexes. For example, a Sept2/6/7 complex has been identified in HeLa cells [11] , whereas in fibroblasts, a Sept7/9b/11 complex has been characterized [12] . To test whether other septins show a similar subcellular localization as shown by Sept7 in neurons and whether they might be found in a common complex, we performed immunostaining on cultured hippocampal neurons by using antibodies against Sept2, Sept5, Sept8, Sept9, and Sept11. Although Sept2 is highly expressed in glia, its expression in hippocampal neurons is negligible ( Figure S1A in the Supplemental Data available online). Sept8, like Sept7, is present in the cell body, in axons, and in dendrites. However, its staining pattern resembles intracellular vesicles and not that of Sept7 in dendrites ( Figure S1B and data not shown). Sept9 is expressed in hippocampal neurons; however, the staining pattern for Sept9 with three different Sept9 antisera is clearly distinct from that of Sept7 (data not shown).
Sept5 and Sept11 are expressed both in the cell body and dendrites; their staining patterns are very reminiscent to that of Sept7 (Figures 2A and 2B and Figure S1C ). To examine whether Sept5 and Sept11 indeed interact with Sept7, we performed immunoprecipitation experiments by using Sept7 or Sept11 antibodies ( Figure 2C ). The anti-Sept11 antibody efficiently coimmunoprecipitates Sept5 and Sept7, and the anti-Sept7 antibody coimmunoprecipitates Sept5. Taken together, these data argue for the existence of a Sept5/7/11 complex in neuronal dendrites. We cannot exclude, however, that other Sept7 complexes might exist. It is interesting to note in this context that several mammalian septins might be interchangeable in septin complexes. It has, for example, been shown that in a Sept2/6/7 complex, Sept2 can be replaced by Sept5 (or Sept1 or Sept4) and Sept6 by Sept11 (or possibly by Sept8 or Sept10) [13] . Therefore, a Sept5/7/11 complex is not in contradiction with the previously reported Sept2/6/7 or Sept7/9b/ 11 complexes.
We next investigated in more detail the intracellular localization of Sept7. Septin H5 (Sept4), another member of the septin family, was previously shown to associate with the plasma membrane via a polybasic motif of 7 amino acids (HRKSVKK) [14] . A similar seven amino acid motif is also present near the GTP-binding domain in all Sept7 orthologs ( Figure S2 ). When hippocampal neurons were permeabilized with 0.2% Triton X-100, Sept7 immunoreactivity was greatly reduced, indicating that Sept7 is associated with the plasma membrane in this cell type (data not shown). We next fractionated rat brain homogenates by differential centrifugation to obtain a cytoskeleton-containing membrane pellet (P) and a soluble protein supernatant (S) ( Figure 2D ). The P fraction was then incubated twice with 1% Triton X-100, and this was followed by a centrifugation step for separating solubilized transmembrane and membraneassociated proteins from cytoskeletal components. Under these conditions, the majority of Sept7 is retrieved in the Triton-soluble fraction (P/s, P/s') together with calnexin and synaptophysin, whereas only a small fraction of Sept7 cosediments with insoluble b-actin (P/p'). These results indicate that Sept7 is primarily associated with membranes. We cannot, however, exclude that a fraction of Sept7 might be associated with the cytoskeleton.
Because Sept7 is found at the bases of neuronal protrusions, we hypothesized that it might play an important role in maintaining both the structure of branch points and the morphology of protrusions in neurons. We tested this hypothesis by using RNAi to downregulate Sept7 in neurons. Dissociated primary hippocampal neurons were transfected by nucleofection [15, 16] with pSuperior plasmids expressing short hairpin RNAs (shRNA) that target Sept7 (termed shSept7). As negative controls, plasmids encoding a mismatch Sept7 shRNA or a shRNA against a nonexpressed mRNA (shRFP) were used ( Figure 3A) . Furthermore, neurons were also transfected with an empty pSuperior vector (data not shown). The level of Sept7 downregulation in cultured neurons was determined by western-blot analysis. shSept7 significantly downregulated Sept7 protein expression, whereas none of the controls had any effect on Sept7 expression levels ( Figure 3A ). Sept7 downregulation in neurons was also confirmed by immunostaining of shRNAtreated neurons with anti-Sept7 antibodies ( Figure S3A) .
We next investigated whether Sept7 downregulation affects the expression of other septins, notably those that we found to colocalize with Sept7 in dendrites (see Figure 2) . Interestingly, both Sept5 and Sept11 expression levels were diminished in Sept7-deficient neurons ( Figure 3B ). This correlates with previous findings in which Sept7 is significantly diminished in homozygotic Sept5 (CDCrel-1) null mice [17] . Our findings further support the presence of a Sept5/7/11 complex in neurons and confirms previous results that downregulation of one septin affects the expression of other septin-complex members [8, 11] .
For assessing the effect of the downregulation of Sept7 on dendritic outgrowth in cell culture, hippocampal neurons were transiently transfected with plasmids described below at 4 DIV and fixed after 3 days of expression. Neurons expressing shSept7 show a simplified dendritic tree with a reduction in branching ( Figure 3C ). To quantify this reduction, we performed a Sholl analysis [18] . Here, the number of dendritic crossings of concentric circles at various radial distances from the cell body is counted. In neurons transfected with either an empty pSuperior vector expressing GFP or a vector expressing a control shRNA (shRFP), the number of dendritic line crossings increases with the distance from the cell body and reaches a peak at approximately 30-40 mm, after which it begins to decease ( Figure 3D ). In shSept7-transfected neurons, we found a nearly 2-fold reduction in the number of line crossings for all radial distances. Similar results were obtained with a second vector expressing a shRNA targeting a different region of the sept7 mRNA (shSept7-2) but not with the mismatch Sept7 shRNA, suggesting that the observed phenotype is related to Sept7 downregulation ( Figures S3B-S3E ). To exclude offtarget effects of the RNAi, we devised several control experiments. First, we tested whether the observed phenotype could be rescued by the overexpression of an RNAi cleavage-resistant sept7 mRNA (Sept7R). The expression of Sept7R rescues the observed phenotype caused by shSept7 to a significant extent ( Figures 3C and 3D) . Second, we generated a mutant Sept7 (Sept7m) with critical point mutations in the GTP-binding domain [19] (Figure S2 ). Whereas overexpressed wild-type GFP-tagged Sept7 results in long filaments orientated along microtubules, overexpressed mutated Sept7m does not aggregate, but yields a homogeneous expression pattern in neurons ( Figure S4 ). Similar observations have been reported for Sept2 (Nedd5) [20] , in which fiber formation could be disrupted by microinjection of GTPgS or by the expression of a Sept2 mutant lacking GTP-binding activity. These data imply that GTP binding is required for septin filament assembly and possible association with the cytoskeleton. To assess whether mutations in the GTP-binding domain of Sept7 also affect dendritic branching, we expressed Sept7m in developing neurons ( Figures 3C and 3D ). This caused a significant reduction in dendritic-arbor complexity similar to that observed for Sept7 shRNAs. Taken together, the rescue of the observed phenotype by an RNAi-resistant sept7 mRNA and the expression (both in red) enrich at the bases of filopodia (enlargements), and at these bases, they colocalize with Sept7 (green). Scale bars represent 10 mm. (C) Coimmunoprecipitation of Sept5, Sept7, and Sept11 from adult rat brain. Immunoprecipitations (IP) were performed with antiSept7, anti-Sept11 antibodies or preimmune sera (control). Immunoprecipitates were probed for the presence of Sept5 and Sept7 by western blotting. ''n.b.'' stands for nonbound after IP; ''cntrl'' stands for control; and ''55'' and ''43'' stands for molecular weight markers of 55 and 43 kDa, respectively; the asterisk indicates the IgG band. (D) Sept7 is membrane associated in the adult rat brain. Membrane (P) and soluble protein fractions (S) were obtained by differential centrifugation of a rat brain homogenate (H). Sept7 is found predominantly in detergent-soluble fractions (P/s and P/s') together with the membrane protein markers, calnexin (CNX), and synaptophysin (Syn). bactin is enriched in the detergent-insoluble fraction. ''TX'' stands for Triton X-100.
of the Sept7 mutant that recapitulates the phenotype observed upon Sept7 downregulation strongly indicate that our shRNAs specifically target sept7 mRNA. Moreover, the GTP-binding activity of Sept7 is required for normal branch formation in developing hippocampal neurons.
We further assessed whether the density and the morphology of mature dendritic spines were affected by the loss of Sept7. Neurons expressing a mismatch shRNA display normal mushroom-like dendritic spines characteristic of hippocampal neurons (Figure 4) . Upon expression of shSept7, we observed numerous changes in spine morphology. First, there is an increase in protrusions that are longer than 2 mm, with a concomitant decrease in normal spines (typically protruding no more than 2 mm from the dendritic shaft). There is a small effect in neurons expressing mutant Sept7m; however, this is not significant ( Figure 4A ). Second, there are also changes in overall protrusion density. Expression of shSept7 causes a small but significant reduction of protrusion density. Expression of Sept7m led to an even greater reduction ( Figure 4B ). Third, we noticed that dendritic spines from Sept7-deficient neurons or neurons expressing Sept7m also appeared longer, and their heads were larger in diameter than those of control neurons ( Figure 4C ). The average length of all dendritic spines significantly increases in shSept7-treated neurons and in neurons expressing Sept7m ( Figure 4D ). In addition, spine heads in Sept7-deficient neurons and Sept7m-expressing neurons are significantly larger ( Figure 4E ). Taken together, our findings indicate that downregulation of Sept7 and overexpression of Sept7m alter the morphology of dendritic protrusions in mature neurons.
In dividing yeast cells, septins seem to play a dual role. First, they are thought to recruit specific protein components to the bud neck. Second, septins have been suggested to form a diffusion barrier that prevents the movement of membrane proteins between the mother cell and the bud [10, 21] . In neurons, Sept7 forms arc-like clusters at the bases of filopodia and of dendritic spines, which can also adopt a ring-like shape that resembles the ring structures at the yeast bud neck. When Sept7 is downregulated in neurons, dendritic spines change their shape to form elongated protrusions, reminiscent of the elongated buds in septin-deficient yeast cells [10] . These similarities suggest that Sept7 might fulfill a conserved function in neurons. Similar to the yeast bud neck, it might be a critical component of a diffusion barrier within dendritic spines. Such a function would be the long-sought molecular correlate for explaining the fact that dendritic spines are distinct compartments and that their motility is important for synaptic plasticity. (A) Neurons transfected at 15 DIV with shSept7 but not with mismatch (mis) display an increase in elongated protrusions that are longer than 2 mm (32.3% 6 3.9% SEM versus 11.8% 6 3.0% SEM; p < 0.05) when they were analyzed 3 days after transfection. Neurons transfected with Sept7m show only a moderate increase in elongated protrusions (17.6% 6 1.2% SEM, n.s.). Black columns represent protrusions less than 2 mm long; gray columns represent protrusions longer than 2 mm. (B) Neurons transfected with shSept7 or Sept7m, but not with mis, display a significant reduction in the number of protrusions per mm dendrite length (0.47 6 0.09 SEM or 0.41 6 0.02 SEM versus 0.58 6 0.02 SEM). In total, 2014 dendritic spines were analyzed for mis, 1241 were analyzed for shSept7, and 885 were analyzed for Sept7m in (A) and (B). (C) Representative images of Sept7-deficient and Sept7m-expressing neurons illustrate the increase in both spine length and spine-head diameter. The scale bar represents 5 mm. (D) Neurons lacking Sept7 or expressing Sept7m yield elongated dendritic spines. The length of dendritic spines with a mushroom-like head was measured in the control (mis; 1.21 6 0.03 mm SEM, n = 471), shSept7-treated neurons (1.46 6 0.03 mm SEM, n = 734), and neurons expressing Sept7m (1.33 mm 6 0.03 SEM, n = 478). (E) Neurons lacking Sept7 (0.95 6 0.01 mm SEM, n = 734) or expressing Sept7m (0.83 6 0.01 mm SEM, n = 478) show enlarged dendritic-spine heads compared to mismatch-treated neurons (mis; 0.75 6 0.01 mm SEM, n = 471). *p < 0.05, **p < 0.01, and ***p < 0.001. ''n.s.'' stands for not significant.
